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Introduction 
 
In recent decades, uncountable number of research articles reported successful in vitro 
regeneration of various plant species. Two main systems are widely used for in vitro plant 
regeneration: de novo organogenesis or somatic embryogenesis (SE). Both regeneration processes 
can occur either directly or indirectly without or with intermediate callus formation. 
The success of regeneration is influenced by several factors, such as the presence of 
appropriate explant, environmental conditions and the proper composition of the medium. The 
importance of stress and plant hormones, primarily auxin and cytokinin, in plant regeneration 
processes have been described in several studies. While high auxin-to-cytokinin ratios promoted 
root regeneration, high cytokinin-to-auxin ratios resulted in shoot regeneration and high 
concentrations of both hormones resulted in overproliferation of explant cells and callus formation. 
Somatic embryogenesis can be induced by a variety of hormone treatments, but the most 
prevalent inducer is the auxin. The effect of cytokinins on somatic embryogenesis is variable. In 
most systems, a low level of cytokinin is applied along with auxin to promote embryo induction 
while in other cases exogenous cytokinins were found to inhibit auxin-induced SE. 
In recent years, a number of transcription factors have been identified that are involved in 
the process of embryo formation. The transcription factors LEAFY COTYLEDON 1 (LEC1), 
LEAFY COTYLEDON 2 (LEC2) and FUSCA 3 (FUS3) interact with each other to regulate the 
seed maturation, the identity of embryo and in some cases, the process of SE. 
Wounding is also important in triggering the regenerative processes. One of the key 
regulators, which is rapidly activated in response to wounding is the WOUND-INDUCED 
DEDIFFERENTIATION 1 (WIND1) transcription factor. Wound and wound-induced WIND1 have 
been shown to play a central role in the increased regeneration potential of root explants. 
Research on the model plant Arabidopsis thaliana has largely contributed to our 
understanding of many molecular and hormonal aspects of plant regeneration because various 
mutants, transgenic lines, marker lines, gene constructs, antibodies and specific information are 
available in large quantities. However, the opportunity to take advantage of them has so far been 
limited in SE research because there was no efficient and routinely used cell and tissue culture 
system that would have allowed this. Although the study of SE based on culturing Arabidopsis 
mature/immature zygotic embryos provided significant insight into this process, the use of other 
explants (preferably those containing more differentiated tissue than zygotic embryos) would be 
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useful to generalize the findings. In the early 1990s regeneration via SE or at least the appearance of 
somatic embryo-like structures has been reported as a result of works on Arabidopsis root cultures. 
 
Research objectives 
 
Although SE is widely used for in vitro plant propagation, the biological background of this 
plant-specific phenomenon is hardly known. Until now SE research in Arabidopsis thaliana was 
mostly limited to direct or indirect SE from immature/mature zygotic embryos due to the absence of 
a really efficient and easy system using more differentiated tissues. 
In view of all this, our goal was to develop an efficient in vitro root-based regeneration 
experimental system simpler than the currently widespread system of zygotic embryo culture that 
provides sufficient quality and quantity of experimental material. 
 
In our work we aim to: 
 establish an efficient root-based in vitro regeneration experimental system that allows the 
induction of organogenesis and SE in the Arabidopsis thaliana model plant and the 
comparison of the two processes. 
 To achieve this, our goal was to: 
o adapt the regeneration protocol described by Márton and Browse (1991); 
o characterize the Columbia (Col) ecotype in terms of SE/organogenesis competence 
and efficiency; 
o monitor the changes in cellular (microscopy) and molecular (RT-QPCR) levels in 
space and time during the induction phase of regeneration processes. 
In addition, we wanted to examine: 
 what may cause the difference between the roots of whole seedlings and the ability of root 
explants derived from seedlings to regenerate. 
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Materials and methods 
 
Plant materials and culture conditions 
 
Col wild type and heterozygous leafy cotyledon 1 (lec1) mutant (AT1G21970) Arabidopsis 
thaliana (L.) seeds were provided by the Nottingham Arabidopsis Stock Centre. 
To produce wild type seedlings, seeds were surface-sterilized with 70% ethanol for 60 sec 
followed by immersion in 4% commercial sodium hypochlorite solution (having 4.5% active 
chlorine) for 10 min. The seeds then were rinsed for 1 min five times with sterile water. 90 seeds 
were placed in each 120×120×17 mm square plastic Petri dishes containing full-strength Gamborg 
B5 Medium Including Vitamins, 1% sucrose and 1% plant agar. The pH of the medium was 
adjusted to 5.7. Petri dishes were placed horizontally for 1 day and fixed vertically by special 
holders for 6 days in a growth chamber at 21 °C, under continuous light with an irradiance of 50 
µmol m-2 s-1 provided by white fluorescent tubes. 
Homozygous lec1 seedlings were produced by culturing immature embryos on a medium 
containing half-strength Murashige and Skoog (MS) Medium Including Gamborg B5 Vitamins, 1% 
sucrose and 0.5% plant agar (pH=5.8). Germinated embryos exhibiting the lec1 phenotype were 
selected and the seedlings were cultured under the same conditions as the wild type. 
 
In vitro root-based regeneration system 
 
7-days-old whole seedlings were placed onto a medium containing full-strength MS Basal 
Salt Mixture, 2 ml/l vitamix (555 mM myo-inositol, 14.8 mM thiamine-HCl, 2.4 mM pyridoxine–
HCl, 4.1 mM nicotinic acid, 13.3 mM glycine, 0.2 mM biotin), 3% sucrose, 0.8% plant agar and 2.7 
μM naphthaleneacetic acid (NAA) at pH 5.8 and cultured for 24 h vertically. Subsequently, each 
plantlets were transferred for three days to a hormone-free MS basal medium supplemented with 2 
ml/l vitamix, 3% sucrose and 0.8% plant agar (pH 5.8).  
To induce regeneration, roots were excised from the shoots at the junction of the shoot to 
the root with a scalpel under sterile conditions. Sixteen root explants were then cultured first on the 
ARM I medium (Arabidopsis regeneration media I; Márton and Browse 1991) including MS Basal 
Salt Mixture, 2 ml/l vitamix, 3% sucrose, 0.8% plant agar and different growth regulators, including 
17.1 μM indole-3-acetic acid, 0.68 μM 2,4-dichlorophenoxyacetic acid, 2.68 μM 6-benzyladenine, 
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1.48 μM N6-(2-isopentenyl)-adenine (2iP) for three days then on ARM IIr medium (Arabidopsis 
regeneration media IIr; Márton and Browse 1991), containing MS Basal Salt Mixture, 2 ml/l 
vitamix, 3% sucrose, 0.8% plant agar, 1.1 μM NAA, 19.7 μM 2iP. The pH was adjusted to 5.8 for 
both media. After four days, eight root explants were transferred to hormone-free medium 
containing MS salts, 2 ml/l vitamix, 3% sucrose, 0.8% plant agar (pH 5.8). Non-dissected whole 
seedlings were cultured in the same way and in the same number as controls. 
To examine the effect of shoot-derived auxin on the regeneration processes, 5 μM auxin 
polar transport inhibitor 2,3,5-triiodobenzoic acid (TIBA) was applied in a low gelling agarose 
droplet at the junction of the shoot to the root. 
Samples were collected from the roots of untreated 7-days-old whole seedlings, from the 
root explants on ARM IIr medium between 1-4 days, each day, from roots of TIBA-treated whole 
seedlings, roots of untreated whole seedlings and from untreated root explants cultured for 5 days 
on hormone-free medium and cultured for 9 days continuously on the ARM IIr medium. The roots 
of untreated 7-days-old whole seedlings and the roots of untreated whole seedlings cultured for 5 
days on hormone-free medium were used as reference. Three independent replicates were analysed 
in all experiments. 
 
Applied experimental methods 
 
 Light microscopy 
 Scanning electron microscopy 
 RNA isolation, cDNA synthesis 
 Gene expression analyzes (real-time quantitative PCR, RT-QPCR) 
 
Results 
 
I. Experimental background 
 
Regeneration via SE or at least the appearance of somatic embryo-like structures has been 
reported as a result of previous works on Arabidopsis root cultures. In the system of Márton and 
Browse (1991), embryo-like structures were formed after auxin (ARM I medium) and cytokinin 
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(ARM IIr medium) induction on the surface of Col root explants previously cultured in liquid 
culture. 
However, during the adaptation of the system a different reaction was observed: root 
explants placed on ARM IIr medium after auxin induction initially showed intense root 
development and the appearance of green callus was observed subsequently instead of embryo 
formation. After 1 week, regenerates with trichomes appeared on the surface of the root explants. 
The presence (true leaf, shoot organogenesis) and the absence (cotyledon, SE) of the first leaf-like 
structures is often used as a morphological marker of shoot organogenesis and SE, we hypothesized 
that the regenerates were derived from indirect shoot organogenesis in our system. 
Initially, liquid culture was used for establishing root cultures. However the age of the roots 
in this liquid culture was different and this negatively affected the efficiency and predictability of 
the system, furthermore, as there is an increased risk of various infections in these cultures, we 
started to the use only solid media. 
 
II. Timely removal of cytokinin alters the regeneration 
pathway of Arabidopsis root explants 
 
Morphological examinations by stereomicroscopy 
 
The length of the period of cytokinin action required for the induction of shoot regeneration 
from Arabidopsis root explants was investigated. It was found that approximately 4 days were 
required on the high cytokinin medium to efficiently induce morphogenic foci on the root explants. 
Interestingly, transferring the root segments to hormone-free conditions after 4 days of cytokinin 
induction, callus growth was restricted and green globular structures appeared on the explants some 
of which developed into somatic embryo-like structures following ca. 6 more days of incubation. 
Additional 2 weeks on the hormone-free medium resulted in plantlet regeneration from these 
structures. Approximately half of the regenerated plantlets had trichome-less first leaves resembling 
cotyledons. Keeping the root explants continuously on the high cytokinin medium, however, we 
found, extensive callus formation. Culturing the explants for further 2 weeks on this medium, 
shoots appeared on the surface of explants. The regenerates had trichome-bearing first leaves 
indicating their formation via shoot organogenesis and not SE. 
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Gene expression analyzes 
 
To verify whether the developmental pathway leading to trichome-less regenerates is 
indeed SE, the relative expression of three embryogenesis-associated genes (LEC1, LEC2 and 
FUS3) was determined. It was established that culturing the cytokinin-induced root explants on 
hormone-free medium for 5 days resulted in the increased expression of all three investigated genes. 
The expression of the genes was not augmented in cultures maintained continuously on the 
cytokinin-rich medium strengthening that shoot organogenesis rather than SE was induced under 
that condition. 
Next we examined the expression levels of CUP-SHAPED COTYLEDON 1 (CUC1), CUP-
SHAPED COTYLEDON 2 (CUC2), ENHANCER OF SHOOT REGENERATION 1 (ESR1), 
ENHANCER OF SHOOT REGENERATION 2 (ESR2) genes involved in shoot organogenesis and 
the relative transcript levels of LEC1, LEC2 and FUS3 marker genes involved in embryogenesis 
during the first 4 days of cytokinin induction. We found that while the expression levels of genes 
involved in shoot organogenesis were increased, the genes involved in embryogenesis showed 
decreased gene expression levels. 
 
Investigation of lec1 mutant 
 
To further support the view that the transient cytokinin treatment indeed led to SE, root 
explants of the embryogenesis pathway defective lec1 mutant was subjected to the same culture 
regime. It was found that culturing root explants continuously on the cytokinin-containing medium, 
the mutant reacted on the same way as the wild type. It formed green calli and subsequently shoots. 
However, if lec1 root segments were moved to hormone-free medium after 4 days of cytokinin 
induction, the development of calli was restricted and the number of potentially morphogenic green 
foci was approximately the half as compared to the wild type. From the lec1 roots on hormone-free 
medium, only shoots with trichome-bearing leaves could be regenerated. 
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III. Shoot-derived auxin prevents the regeneration from 
the roots of Arabidopsis seedlings 
 
Morphological examinations by stereomicroscopy 
 
Interestingly, the above described regeneration system was inefficient and no regenerates 
could be observed when whole seedlings were used instead of root explants. Roots of the whole 
seedlings that were cultured on high cytokinin medium thickened and became green but failed to 
regenerate calli and shoots. When the seedlings were removed to hormone-free medium after 4 days 
of the cytokinin treatment, the thickening and greening of the root did not take place. The potential 
role of shoot-derived auxin on the regeneration potential of the root was tested using the auxin 
transport inhibitor TIBA. 5 μM TIBA in a low gelling temperature agarose drop was applied to the 
shoot-to-root junction of seedlings before they were transferred to the high cytokinin medium. 
TIBA application restored the regeneration potential of the seedling roots. Like the excised root 
explants, the roots of TIBA-treated seedlings regenerated only trichome-bearing shoots on the high 
cytokinin medium. Approximately 50% of regenerated shoots were devoid of trichomes in case of 
transient (4 days) cytokinin treatment followed by hormone-free culture. 
 
Gene expression analyzes 
 
The trichome-less plantlets are likely the result of somatic embryogenesis. It is supported 
by the increased relative expression of the three embryogenesis markers (LEC1, LEC2 and FUS3) 
in the TIBA-treated whole seedling roots indicating that inhibition of the transport of shoot-derived 
auxin to the root is sufficient to establish regenerative capacity in the roots of the seedlings and that 
some of the regenerates formed are the result of SE. Wounding and the wound-induced expression 
of the WIND1 transcription factor are considered to have a central role in the increased regeneration 
potential of root explants as compared to the roots of intact seedlings. The roots of intact seedlings, 
as we have shown above, do not regenerate shoots after auxin and cytokinin induction in our 
system. Overproduction of WIND1 transcription factor in the roots of intact seedlings also allows 
the induction of regeneration processes, similar to root explants. Therefore, the expression of 
WIND1 in the root explants, roots of TIBA-treated and untreated whole seedlings was investigated. 
Similar to wounding (root explants), blocking the shoot-to-root auxin transport by a TIBA-
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containing agarose droplet resulted in increased WIND1 expression in the roots of whole seedlings 
in agreement with the increased regeneration potential. Our observation indicates that either the 
removal of the shoot as the auxin source or blocking the shoot-to-root auxin transport result in 
increased WIND1 expression and enhanced competence for callus/shoot/embryo regeneration under 
appropriate inductive conditions. 
 
Investigation of lec1 mutant 
 
In our system whole seedlings of lec1 mutant without TIBA-treatment reacted on the same 
way as the wild type, no regeneration could be observed. The roots of TIBA-treated lec1 seedlings 
regenerated only plants with trichomes on their leaves on ARM IIr medium and after transient 
cytokinin induction on hormone-free medium. The regeneration of TIBA-treated lec1 seedlings did 
not result in trichome-less plantlets. 
 
Summary 
 
Our aim was to establish an in vitro root-culture-based regeneration system to study the 
initiation steps of organogenesis and somatic embryogenesis in Arabidopsis thaliana. Whole 
seedlings or root explants were used in this system. To induce regeneration processes, low auxin 
concentration followed by a strong temporal cytokinin treatment was used. In a possible scenario, 
low auxin concentration induces the formation of lateral root primordia that starts to 
transdifferentiate into shoot meristem in the presence of cytokinin. If the root explants were kept on 
the medium containing cytokinin, organogenesis occurred. However, if the root explants were 
transferred onto a hormone-free medium at a right time (after 4 days), approximately half of the 
regenerated plantlets were formed through somatic embryogenesis.  
The process of somatic embryogenesis was verified by the absence of trichomes on the first 
leaves (which is a morphological marker of somatic embryogenesis) and the enhanced expression 
level of three embryogenic marker genes (LEC1, LEC2, FUS3). Furthermore, culturing root 
explants of the embryogenesis-pathway-defective lec1 mutant under the same culture regime only 
shoot organogenesis could be observed. 
Based on our results, we hypothesize that timely removal of exogenously applied cytokinin 
is a very important factor in determining the regeneration pathway. Our hypothesis is that shoot 
regeneration is induced initially and after removal of cytokinin, the shoot primordia 
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transdifferentiate into embryonic-like structures, but since the development of the shoot primordia 
is not synchronized, not all of them is competent for the transdifferentiation. 
Interestingly, the above described regeneration system was inefficient when whole 
seedlings were used instead of root explants. Roots of whole seedlings cultured on high cytokinin 
medium thickened and became green but failed to regenerate calli and shoots. When the seedlings 
were removed to hormone-free medium after four-days cytokinin induction, even the thickening 
and greening of the root did not take place. 
Root explants exhibit a high regeneration potential in contrast to the roots of whole 
seedlings. Therefore our attention turned to the role of wounding and the auxin transport from the 
shoot to the root on the regeneration processes. The potential role of shoot-derived auxin on the 
regeneration potential of the root was tested using the auxin transport inhibitor TIBA. 5 µM TIBA 
in a low gelling temperature agarose drop was applied to the shoot-to-root junction of seedlings. 
TIBA application restored the regeneration potential of the seedling roots cultured on hormone-free 
medium, and nearly half of the regenerated plantlets formed through somatic embryogenesis. 
Wounding and the wound-induced expression of the WIND1 transcription factor are 
considered to have a central role in the increased regeneration potential of root explants (Iwase et 
al., 2015). In our experimental system, both the removal of the shoot as an auxin source and the 
blocking of auxin transport from the shoot to the root by TIBA treatment resulted in increased 
WIND1 expression in the roots of whole seedlings in agreement with the increased competence for 
callus/shoot/embryo formation under appropriate inductive conditions. Thus, the effect of wounding 
on cytokinin-mediated shoot/embryo regeneration from roots could be mimicked by blocking the 
endogenous auxin transport from the shoot apex. The auxin transport from the shoot somehow 
reduces the regeneration ability and the cytokinin response of roots of intact plants. 
The obtained results could help to better understand the regulatory background of plant 
regeneration processes making possible to set up more effective regeneration systems even in the 
case of economically relevant plant species. 
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